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Abstract 
Modeling and simulation of photovoltaic (PV) systems are open research areas since 
I-V and P-V curves are commonly required to analyze the performance of PV 
installations. To obtain such curves commercial software packages can be used, however 
the connection type and size of the PV array may cause large simulation times. To 
overcome such an issue several techniques based on analyzing the inflection points have 
been proposed to model the PV array with the aim of reconstruct accurately the required 
electrical curves. However, such analysis has been applied only for series-parallel (SP) 
configuration, which is just one alternative to connect PV arrays among several other 
regular or irregular options. Therefore, a more general approach is needed. This paper 
presents an approach to obtain the characteristics curves for any PV array, regular or 
irregular, by extending the inflection points analysis. Then, the calculation of the PV 
array electrical curves is simplified by using equivalent circuits within the intervals 
defined by the inflection points. Such a procedure is based on defining which modules 
become active due to the behavior of the bypass diodes. Finally, the proposed approach 
enables to analyze any PV array without requiring long electrical simulations. The 
solution was validated by means of simulation results obtained in Matlab®. 
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Resumen 
El modelado y simulación de sistemas fotovoltaicos (PV) son áreas de investigación 
abiertas ya que las curvas I-V y P-V son comúnmente requeridas para analizar el 
desempeño de instalaciones PV. Para obtener dichas curvas se pueden utilizar paquetes 
de cómputo, sin embargo, el tipo de conexión y el tamaño del arreglo PV pueden 
ocasionar largos tiempos de simulación. Para superar dicha dificultad se han propuesto 
técnicas basadas en los puntos de inflexión para modelar el arreglo PV con el objetivo de 
reconstruir exactamente las curvas eléctricas requeridas. Sin embargo, tal análisis ha 
sido aplicado solo a la configuración serie-paralelo (SP), la cual es solo una de las 
alternativas para conectar arreglos PV entre otras opciones de conexión regular o 
irregular. Por esto, se requiere una aproximación más general. Este artículo presenta 
una aproximación para obtener las curvas características de cualquier arreglo PV, 
regular o irregular, extendiendo el análisis de los puntos de inflexión. Entonces, de las 
curvas eléctricas del arreglo PV es simplificado utilizando circuitos equivalentes en 
intervalos definidos por los puntos de inflexión. Tal procedimiento está basado en definir 
cuáles módulos se activan debido al comportamiento de los diodos de bypass. Finalmente, 
la aproximación propuesta permite analizar cualquier arreglo PV sin requerir de 
simulaciones largas. La solución fue validada por medio de resultados de simulación 
obtenidos en Matlab®. 
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Representación matemática, generador PV no uniforme, circuitos equivalentes. 
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1. INTRODUCTION 
 
Photovoltaic (PV) systems are a rele-
vant research area due to the new energet-
ic tendencies, which promote the conserva-
tion of the environment and the reduction 
of the use of power sources based on fossil 
fuels because of their negative environ-
mental impact and their increasing price 
[1]. For some countries in Latin America, 
PV systems are a priority, such is the case 
of Argentina, Ecuador, Honduras and Nic-
aragua, where a system based on feed-in 
tariffs have been implemented with the 
aim of strengthen the use of PV energy and 
other renewable sources [2], [3]. In the case 
of Colombia, the law 1715 of 2014, signed 
on May 13 of 2014, promotes the use of 
non-conventional energy sources, as well 
as the research and development on clean 
technologies [4]. 
In such a context, modeling PV systems 
is one of the most important research areas 
due to the need of obtaining information 
about the performance and energy produc-
tion of a PV system under different operat-
ing conditions. PV systems can be analyzed 
through its electrical characteristic curves: 
current vs. voltage (I-V) and power vs. 
voltage (P-V), which can be obtained by 
means of commercial simulation packages. 
However, those packages have some draw-
backs: they do not enable to represent 
mismatching conditions which can provide 
inaccurate results, the connection and size 
of the PV array may cause long simulation 
times, high license cost, not supporting the 
interfacing of the PV arrays with power 
electronic systems, among others [5]. 
Such conditions makes impossible to 
study the performance of very large arrays 
during long periods of time to analyze or 
predict the viability of the solutions. There-
fore, mathematical modeling and circuital 
analysis become a suitable option to over-
come the issues above mentioned. In such 
a way, the work presented in [6] introduces 
a technique for obtaining the energy yield 
of PV systems as well as their characteris-
tic curves. That technique is based on the 
inflection points concept which is related to 
the operation conditions in which the de-
rivative of the I-V curve becomes discon-
tinuous. In this way, each inflection point 
defines a set of non-linear equations which 
represents the system. The PV module is 
represented by means of the ideal PV mod-
el and the bypass diode is modeled as an 
ideal switch to simplify the computing 
process since this technique is oriented to 
large PV systems. On the other hand, in [9] 
the inflection points concept is used but in 
this case the module is represented by 
means of the practical PV model which 
considers parallel and series resistances, in 
addition the bypass diode is modeled using 
a linear approach. In [6] and [9], the tech-
nique is applied to Series-Parallel (SP) 
configuration, but it is important to con-
sider other configurations such as Total 
Cross Tied (TCT), Bridged-Linked (BL) 
and irregular structures, since they can be 
very effective to reduce the detrimental 
effect of some shading patterns [7]. Fig. 1 
illustrates such configurations. 
 
 
 
a) b) 
 
 
c) d) 
Fig. 1. Typical PV system configurations (a) SP, (b) TCT, (c) 
BL, (d) Irregular (example). Source: Authors 
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Several mathematical models have 
been reported for representing the SP con-
figuration, i.e. [5], [8]. Moreover, the math-
ematical models of TCT, BL and Honey-
Comb (HC) configurations have been ad-
dressed in [7] and [10]. However, there is 
not a unique modeling technique able to 
represent any configuration, which implies 
the requirement of developing several al-
gorithms to compare the performance of 
different configurations in a given scenar-
io. Such a condition increases the computa-
tional cost of analysis tools based on math-
ematical models. On the other hand, if the 
structure under study is an irregular one, 
a whole new mathematical model must be 
developed since, currently, there is not 
reported in literature a model for this kind 
of structures. 
This paper proposes an approach for ob-
taining the inflection points of any PV 
system, typical or irregular. The approach 
is based on the analysis of the short-circuit 
currents to obtain equivalent circuits valid 
for each range limited by the inflection 
points. In this way, the I-V and P-V curves 
can be easily calculated in each section by 
solving the equations modeling each 
equivalent circuit. This allows to reduce 
the calculation time, retaining a good level 
of accuracy with respect to traditional 
solutions. Moreover, this approach only 
requires any software capable of solving 
non-linear equations systems. In addition, 
since the simulation time is reduced, the 
proposed solution allows to analyze larger 
PV arrays which is useful in planning 
studies and economic projections. The pa-
per is organized as follows: Section 2.1 
provides the main concepts concerning to 
the existence of irregular PV structures in 
real applications. Section 2.2 describes the 
inflection points technique. Section 2.3 is 
devoted to explain the process to obtain the 
equivalent circuits of the irregular PV 
array. Section 3 addresses the calculation 
of the inflection points of an irregular ar-
ray. Finally, conclusions close the paper. 
 
2. METHODOLOGY 
 
2.1 Irregular PV arrays in real applications 
 
In literature the regular PV array con-
figurations are widely adopted, e.g. SP, 
TCT, BL; but in practical PV applications 
those configurations are not always ob-
tained due to the internal composition of 
the PV panels. For example, the BP585 is a 
panel formed by 36 PV cells divided into 2 
modules connected in series, each one of 
them is formed by 18 cells and connected 
in anti-parallel with a bypass diode. In 
such a way, constructing a TCT structure 
using BP585 panels leads to an irregular 
structure. Fig. 2a shows an apparent TCT 
configuration, however taking into account 
the internal connection of the BP585 pan-
els, the actual connection is the one shown 
in Fig. 2b. 
To analyze that array, a modeling tech-
nique developed for TCT arrays will not be 
accurate. On the other hand, when a panel 
fails and it requires to be replaced, it is 
possible that the new panel, despite 
providing the same current and voltage, 
has a different internal composition. 
For example, the BP585 can be re-
placed by the ERDM85 since both have 
similar characteristics. However, the 
ERDM85 has one module formed by 36 PV 
cells connected in anti-parallel with a by-
pass diode, which would change the con-
figuration of the array drastically. This 
situation is illustrated in Fig. 2c, where the 
same TCT configuration of Fig. 2a and 2b 
is considered but replacing M1 and M5 by 
ERDM85 panels. Then, the new structure 
is irregular despite the panels are connect-
ed in TCT. 
The previous examples put in evidence 
the existence of irregular PV arrays in 
practical applications; hence it is necessary 
to develop a modeling technique to analyze 
this kind of arrays. Such a problem is 
solved in this paper. 
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a) 
 
 
b) c) 
Fig. 2. Typical PV system configurations, a) Apparent TCT 
configuration, b) Actual configuration, c) Irregular array 
obtained by replacing M1 and M5 by ERDM85 panels. 
Source: Authors 
 
2.2 Inflection points and bypass diodes 
activation 
 
The inflection points technique was in-
troduced in [6] and applied only to SP ar-
rays. It is based on the calculation of the 
modules voltages in which the derivative of 
the I-V curve becomes discontinuous. 
These discontinuities are caused by the 
activation of the bypass diodes due to the 
differences in the irradiance levels of the 
PV modules, which is frequently due to the 
partial shades. In mismatching conditions 
the derivative of the current and power is 
discontinuous, while in uniform conditions 
such a derivative is continuous as is illus-
trated in Fig. 3. 
The inflection points are related to the 
activation of the bypass diodes, which in 
turns provides information concerning the 
number of active and inactive modules: 
when a bypass diode is inactive the associ-
ated module is active and vice versa. 
 
Fig. 3. Curves under shading conditions and uniform 
conditions for the same array. Source: Authors 
 
In order to illustrate the activation of a 
bypass diode associated to a module in a 
string, Fig. 4a shows two modules connect-
ed in series under the same irradiance 
conditions, therefore the bypass diodes 
remain inactive. In Fig. 4b, the lower mod-
ule is exposed to a shadow, and then its 
irradiance level is lower than the irradi-
ance of the module at the top. However, 
the bypass diode associated to the shaded 
module remains inactive since the voltage 
imposed to the string makes the string 
current Istr be lower than the module short-
circuit current Isc2. In Fig. 4c the shadow 
intensity stay the same but the new volt-
age imposed to the string makes the string 
current Istr be higher than Isc2, which forces 
to the bypass diode to become active. 
 
  
a) b) 
 
c) 
Fig. 4. Activation of bypass diodes a) Uniform conditions, b) 
Mismatching conditions without bypass diode activation, c) 
Mismatching conditions with bypass diode activation. 
Source: Authors 
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The ideal one-diode model was adopted 
in this paper to represent the PV modules 
[6], [9]. Fig 5a illustrates such a model for 
modules M1 and M2, in addition the by-
pass diodes were considered as ideal 
switches. 
 
 
a) 
 
b) 
Fig. 5. Model of two parallel-connected modules a) Parallel 
block, b) Equivalent block. Source: Authors 
 
In this way, the relationship between 
the voltage and current of a PV module is 
expressed as given in (1). The short-cirtuit 
current Isc can be calculated using (2) 
where Istc and Gstc represent the short cir-
cuit current and irradiance of the PV mod-
ules under standard test conditions (STC) 
respectively. Tstc and Tpv are the module 
STC temperature and the actual tempera-
ture respectively, both in Kelvin degrees. 
Finally I is the current temperature coef-
ficient. 
 
𝐼 = 𝐼𝑠𝑐 + 𝐴 ∙ (1 − 𝑒𝑥𝑝(𝐵𝑉)) 
(1) 
𝐼𝑠𝑐 = 𝐼𝑠𝑡𝑐
𝐺𝑝𝑣
𝐺𝑠𝑡𝑐
(1 + 𝛼𝐼 ∙ (𝑇𝑝𝑣 − 𝑇𝑠𝑡𝑐)) 
(2) 
𝐴 = 𝐼𝑠𝑡𝑐 ∙ 𝑒𝑥𝑝(−𝐵𝑠𝑡𝑐 ∙ 𝑉𝑜𝑐) 
(3) 
𝐵 =
𝐵𝑠𝑡𝑐
1 + 𝛼𝑉 ∙ (𝑇𝑝𝑣 − 𝑇𝑠𝑡𝑐) 
(4) 
𝐵𝑠𝑡𝑐 =
𝑙𝑛 (1 − (𝐼𝑚𝑝𝑝 𝐼𝑠𝑡𝑐⁄ ))
𝑉𝑚𝑝𝑝 − 𝑉𝑜𝑐  
(5) 
 
On the other hand A and B are model 
parameters which can be obtained by 
means of (3)-(5). These parameters depend 
on the operating conditions and the infor-
mation given in the datasheets of the PV 
modules. In such expressions, Voc repre-
sents the open-circuit voltage, and Impp and 
Vmpp correspond to the PV current and 
voltage at the maximum power point for 
the given operating conditions, while V is 
the voltage temperature coefficient. In 
mathematical terms, the condition for the 
voltages and currents at an inflection point 
is given by (6) and taking into account the 
relationship given in (1), (7) is obtained. 
 
𝐼𝑗 = 𝐼𝑘    𝑉𝑗 = 𝑉𝑜𝑗,𝑘   𝑉𝑘 = 0 (6) 
𝐼𝑠𝑐,𝑘 − 𝐴𝑘 = 𝐼𝑠𝑐,𝑗 − 𝐴𝑗 ∙ 𝑒𝑥𝑝(𝐵𝑗 ∙ 𝑉𝑜𝑗,𝑘) 
(7) 
𝑉𝑜𝑗,𝑘 =
1
𝐵𝑗
𝑙𝑛 (
𝐼𝑠𝑐,𝑗 − 𝐼𝑠𝑐,𝑘 + 𝐴𝑘
𝐴𝑗
)
 
(8) 
 
Equation (8) correlates only the behav-
ior of two consecutive j-th and the k-th 
modules in a string: the currents are the 
same and equal to the lower short-circuit 
current, and due to a bypass diode becomes 
active, the associated module exhibits 0 V. 
Equation (9) defines the inflection voltages 
taking into account the entire string con-
sidering the modules are organized in de-
scending order of short-circuit current. 
 
𝑉𝑜𝑘 = ∑ 𝑉𝑜𝑚,𝑘
𝑘−1
𝑚−1
, 𝑘 ∈ [2, 𝑁]
 
(9) 
 
In [9] an improvement of this technique 
was presented by considering a linear 
model for the bypass diode which increases 
the accuracy. Also a mathematical proce-
dure is proposed to express one string of 
the array with only one equation which 
simplifies the method. However, this ap-
proach is only applied to SP arrays. 
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2.3 Equivalent circuits of PV arrays 
 
Fig. 1d shows the irregular configura-
tion used to illustrate the methodology 
proposed in this paper. It must be noted 
that such a PV array does not belong to 
any typical configuration. Instead, it is 
formed by three parallel-connected mod-
ules at the top, two parallel-connected 
modules at the center, two parallel-
connected modules at the bottom and two 
series-connected modules at the bottom 
right. The strategy to simplify the array 
analysis is to concentrate the parallel-
connected modules in a single equivalent 
block. Fig. 5 illustrates the case for two 
modules. It is worth to note that both BD1 
and BD2 bypass diodes can be accurately 
represented by a single equivalent bypass 
diode BD. 
In this way, a generalized model of an 
equivalent block on n parallel-connected 
modules is given in (10). Then, the three 
modules at the top row of Fig. 1d were 
lumped in a single equivalent module 
modeled by a triple diode model. The two 
modules at the center and at the bottom 
were lumped in equivalent modules mod-
eled by double diode models. The bypass 
diodes connected to each module, in the 
original array, were replaced by a single 
bypass diode since the activation of any of 
them deactivates the other ones. 
In this way, taking into account the ir-
regular array under study, the operation of 
the block formed by three parallel-
connected modules is given by (11), while 
the operation of the two blocks formed by 
two parallel-connected modules is given by 
(12) and (13). 
 
𝐼𝑒𝑞 = ∑ 𝐼𝑠𝑐𝑖
𝑛
𝑖=1
+ ∑ (𝐴𝑗 ∙ (1 − 𝑒𝑥𝑝(𝐵𝑗 ∙ 𝑉𝑒𝑞)))
𝑛
𝑗=1
 
(10) 
𝐼𝑛1 = ∑ 𝐼𝑠𝑐𝑖
3
𝑖=1
+ ∑ (𝐴𝑗 ∙ (1 − 𝑒𝑥𝑝(𝐵𝑗 ∙ 𝑉𝑛1)))
3
𝑗=1
 
(11) 
𝐼𝑛2 = ∑ 𝐼𝑠𝑐𝑖
5
𝑖=4
+ ∑ (𝐴𝑗 ∙ (1 − 𝑒𝑥𝑝(𝐵𝑗 ∙ 𝑉𝑛2)))
5
𝑗=4
 
(12) 
𝐼𝑛3 = ∑ 𝐼𝑠𝑐𝑖
8
𝑖=7
+ ∑ (𝐴𝑗 ∙ (1 − 𝑒𝑥𝑝(𝐵𝑗 ∙ 𝑉𝑛3)))
8
𝑗=7
 
(13) 
Fig. 6a shows the new configuration af-
ter the equivalence process. M1, M2 and 
M3 were lumped in Mn1, M4 and M5 were 
lumped in Mn2, M7 and M8 were lumped 
in Mn3. Modules 6 and 9 remain the same, 
however they were renamed as Mn4 and 
Mn5 respectively for nomenclature con-
sistency. This new structure is a variable 
circuit since multiple equivalent circuits 
can be obtained depending on the operat-
ing conditions. In other words, the topology 
changes when one or more bypass diodes 
become active. For example, the equivalent 
array in Fig. 6a has at least 31 possible 
circuits depending on the shadow pattern 
and the operating voltage. Fig. 6b and 6c 
show two of those possible equivalent cir-
cuits. 
 
 
a) 
  
b) c) 
Fig. 6. Structures adopted by the array a) Equivalent 
structure, b) and c) Examples of possible circuits. 
Source: Authors 
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In Fig. 6b the bypass diode of Mn3 be-
comes active while the other bypass diodes 
remain inactive. Instead, in Fig. 6c the 
bypass diodes of Mn1 and Mn5 become 
active. Moreover, the inactive bypass di-
odes in both circuits have been removed; 
hence such circuits can be analyzed using 
Kirchhoff laws and Schottky equations as 
proposed in the following section. 
 
 
3. MODELING PROCEDURE AND 
RESULTS 
 
Based on the equivalent circuits repre-
sentation of PV arrays, the following pro-
cedure is proposed to model PV arrays 
under shading conditions: Calculate the 
operation conditions in which the bypass 
diodes become active due to the shading 
pattern affecting the PV array; detect the 
equivalent circuits existing due to the dif-
ferent status of the bypass diodes; and use 
the Kirchhoff laws and Schottky equations 
to obtain the expressions to calculate the 
PV current and power in each possible 
equivalent circuit. 
Then, to obtain the electrical character-
istic of the PV array, i.e. the I-V and P-V 
curves, it is performed a voltage sweep to 
the PV array: the electrical equations of 
the equivalent circuit valid for each voltage 
value are used to calculate the PV current 
and power. The following sub-sections 
describe each one of the previous steps, it 
illustrating them using the PV array under 
study, i.e. the one in Fig. 6a. 
 
3.1 Calculation of the inflection points 
 
The values of the short circuits currents 
associated to each module in the original 
PV array of Fig. 1d, are Isc = [1 2 4; 4 3 5; 6 
6 3], while the values of the short circuits 
currents associated to each block of the 
equivalent PV array of Fig. 6a are Iscn = [7; 
7 12; 5 3].  
Taking into account the new values of 
the short circuit currents in the equivalent 
circuit and the concepts related to the in-
flections points discussed in section 2.2, 
the following cases are identified: The 
bypass diode associated to module Mn1 
becomes active at some operating point 
since Iscn1 < Isub1 + Isub2: when Iscn3 = 
12 A and Iscn4 = 5 A (maximum case) and 
when Iscn2 = 7 A and Iscn5 = 3 A (mini-
mum case); the bypass diode associated to 
module Mn2 becomes active at an operat-
ing point since Iscn2 < Iscn3; the bypass 
diode associated to module Mn5 becomes 
active at some operation point since Iscn5 
<Iscn4. 
From such conditions it is concluded 
that the I-V curve of the PV array under 
study has three inflection points and the 
modules Mn3 and Mn4 never become inac-
tive. However, it is important to analyze in 
which order the bypass diodes become 
active. It is clear that the maximum cur-
rent of the PV array is Ia = 17 A which 
occurs when all the modules voltages are 
equal to 0 V. When the voltage of the array 
starts to increase and the current starts to 
decrease, at least one module of each sub-
string must be active. This confirms that 
modules Mn3 and Mn4 are always active. 
Module Mn1 will be active if Isub1 + Isub2 
< 7 A, which is possible after modules Mn2 
and Mn5 become active, since their activa-
tion implies that the current flowing 
through sub-string 1 is at least 7 A and the 
current flowing through sub-string 2 is at 
least 3 A, which in turns means that Isub1 
+ Isub2 is at least 10 A. 
Therefore, module Mn1 is the last mod-
ule becoming active. This leads to analyze 
which module, Mn2 or Mn5, becomes ac-
tive first. Moreover, for an operating range, 
the topology adopted by the PV array will 
be formed by two modules, one in each sub-
string. After the first inflection point the 
topology adopted by the PV array will be 
formed by three modules, two modules in 
one sub-string and one in the remaining 
one. After the second inflection point, the 
topology adopted by the PV array will be 
formed by the four modules of the sub-
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strings. Finally, after the third inflection 
point, the topology adopted by the PV ar-
ray will be formed by the five modules. In 
this way, it is possible to define the size of 
the systems to solve for obtaining the I-V 
curve. By assuming that the current flow-
ing through sub-string 1 is equal to 7 A, 
which means that module Mn2 is inactive, 
it is possible to determine if module Mn5 is 
active or inactive by calculating the cur-
rent that flows through sub-string 2. Un-
der that assumption, the currents of the 
array are given by (14) and (15): 
 
𝐼𝑠𝑢𝑏1 = 𝐼𝑛3 = 𝐼𝑠𝑐_𝑛3 + 𝐴7 ∙ (1 − 𝑒𝑥𝑝(𝐵7 ∙ 𝑉𝑛3))
+ 𝐴8 ∙ (1 − 𝑒𝑥𝑝(𝐵8 ∙ 𝑉𝑛3)) 
(14) 
𝐼𝑠𝑢𝑏2 = 𝐼𝑛4 = 𝐼𝑠𝑐_𝑛4 + 𝐴4 ∙ (1 − 𝑒𝑥𝑝(𝐵4 ∙ 𝑉𝑛4)) 
(15) 
 
The equations system formed by (14) 
and (15) can be solved by using a numeri-
cal method such as Newton-Raphson or by 
using functions already available in soft-
ware packages such as fsolve in Matlab®. 
In this paper, in sake of simplicity, param-
eters A and B are considered equal for all 
the modules. Those parameters are ob-
tained from manufacturer datasheets, in 
this case A = 7.5992e-7 and B = 0.7220. 
From (16) Vn3 is calculated, and evaluat-
ing such a value in (17), the current flow-
ing through sub-string 2 is calculate to 
define if module Mn5 is active or inactive. 
 
𝐼𝑠𝑢𝑏1 = 𝐼𝑛3 = 𝐼𝑠𝑐_𝑛3 + 2 ∙ 𝐴 ∙ (1 − 𝑒𝑥𝑝(𝐵 ∙ 𝑉𝑛3)) 
(16) 
𝐼𝑠𝑢𝑏2 = 𝐼𝑛4 = 𝐼𝑠𝑐_𝑛4 + 𝐴 ∙ (1 − 𝑒𝑥𝑝(𝐵 ∙ 𝑉𝑛4)) 
(17) 
 
By solving the system, the current flow-
ing through sub-string 2 is 2.5 A which 
implies that module Mn5 is active since 
Iscn5 > 2.5 A. This means that module 
Mn5 becomes active before module Mn2. 
To confirm such a conclusion, the current 
through sub-string 1 is calculated when 
the current through sub-string 2 is equal to 
3 A. By solving that system, the current 
obtained is 8 A which confirms that Mn2 is 
inactive since Iscn2 < 8 A. Therefore, at 
that operating point the array adopts the 
topology shown in Fig. 7a. Then, the first 
inflection point occurs when Isub2 = 3 A, 
and from (17), the inflection voltage is 
given by (18). 
 
 
a) 
  
b) c) 
Fig. 7. Topologies adopted by the array at the inflection 
points. Source: Authors 
 
𝑉𝑖𝑛𝑓1 = 𝑉𝑛4 =
1
𝐵
𝑙𝑛 (1 +
2
𝐴
)
 
(18) 
 
Moreover, the inflection point can be 
described in terms of a couple (V, I), in this 
case the first inflection point is (20.4753 V, 
11 A). The second inflection point is related 
to the activation of the bypass diode asso-
ciated to the module Mn2. Therefore, the 
topology adopted by the array is the one 
shown in Fig. 7b. The second inflection 
point occurs when Isub1 = 7 A, and from 
(17), the associated inflection voltage is 
given by (19). If the modules have different 
parameters a formulation similar as in (14) 
and (15) can be used for solving the inflec-
tion voltage. 
 
𝑉𝑖𝑛𝑓2 = 𝑉𝑛3 =
1
𝐵
𝑙𝑛 (1 +
5
2 ∙ 𝐴
)
 
(19) 
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The inflection point coordinates (V, I) 
are obtained by solving the system formed 
by (20) and (21) to calculate the current 
value through sub-string 2. In this case, 
the second inflection point is (20.7844 V, 
10 A). 
 
𝐼𝑛4 = 𝐼𝑛5 
(20) 
𝑉𝑖𝑛𝑓2 = 𝑉𝑛4 + 𝑉𝑛5 (21) 
 
Fig. 7c shows the topology adopted by 
the PV array that must be analyzed to 
calculate the third infection point. This 
calculation requires the formulation and 
solution of an equation system given by the 
following operating conditions: the current 
of the array is the same as in module Mn1, 
which in turns is equal to its short-circuit 
current Iscn1. That current corresponds to 
the addition of the currents of sub-strings 
1 and 2, which can be represented as the 
addition of the current of modules Mn2 
and Mn4 as is given in (22). Taking into 
account the series connection in each sub-
string, equations (23) and (24) are defined. 
To complete the system, equation (25) 
relates the voltages of the modules. Then, 
the voltages calculated are: Vn2=19.46 V, 
Vn3=21.23 V, Vn4=21.07 V, Vn5=19.62 V. 
 
𝐼𝑎 = 𝐼𝑠𝑢𝑏1 + 𝐼𝑠𝑢𝑏2 = 𝐼𝑛2 + 𝐼𝑛4 
(22) 
𝐼𝑛2 = 𝐼𝑛3 
(23) 
𝐼𝑛4 = 𝐼𝑛5 
(24) 
𝑉𝑛2 + 𝑉𝑛3 = 𝑉𝑛4 + 𝑉𝑛5 
(25) 
 
The inflection voltage is calculated by 
adding the modules voltages Vn2+Vn3 and 
Vn4+Vn5. In this way, the third inflection 
point is (40.69 V, 7 A). 
 
3.2 Detection of the equivalent circuits and 
PV curves calculation 
 
Based on the three inflection points, the 
four regions described in Fig. 8 are defined, 
each one of them corresponding to a par-
ticular equivalent circuit adopted by the 
array due to the activation of the associat-
ed bypass diodes. 
 
 
Fig. 8. Regions defined by the inflection points. 
Source: Authors 
 
In this way, by performing a voltage 
sweep in each equivalent circuit within the 
corresponding voltage range, the I-V and 
P-V curves are obtained. Fig. 9 shows the 
satisfactory agreement between the curves 
obtained with the proposed method and 
using Simulink®, which is a well-known 
classical simulator. However, due to the 
reduced number of calculations, the new 
approach requires only 18% of the simula-
tion time used by the classical solution and 
with a relative mean error in the predicted 
power of 3.094%. The flowchart in Fig. 10 
summarizes the I-V and P-V curves calcu-
lation procedure. 
 
 
Fig. 9. Electric characteristics of the irregular PV array. 
Source: Authors 
 
It must be noted that using the ideal 
diode model for the bypass diode instead of 
the non-linear Schottky model does not 
introduce significant errors. In [11] an 
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analysis of the error by using a linear ap-
proach for the bypass diode instead of us-
ing the Schottky model is presented, which 
shows that, for example, in a PV string of 6 
modules the error is only 0.12%. In this 
paper, the bypass diode has been modeled 
as an ideal switch, whose error in compari-
son to the linear case is 0.2*M/[(N-M)*V-
0.2*M] for a string of N modules with M 
active bypass diodes (inactive modules), 
considering a typical bypass diode voltage 
of 0.2 V and the same operating conditions 
for the (N-M) active modules. In the case of 
a string of 6 modules with M = 3 and the 
active modules operating on the MPP con-
ditions, e.g. with V = 18 V (BP585), the 
error is only 1.12%, which is a low error 
considering the strong reduction in the 
complexity and calculation time. 
 
 
Fig. 10. Flow chart of the proposed procedure to obtain the 
I-V and P-V curves. Source: Authors 
 
 
 
 
 
3.3 Dynamic simulation 
 
One common application of PV models 
is the evaluation of MPPT (Maximum 
Power Points Tracking) algorithms under 
partial shading conditions. Therefore, in 
order to confirm the usefulness of the pro-
posed approach, the model was used to 
evaluate a classical MPPT algorithm using 
dynamic simulations. The example consid-
ers a photovoltaic battery charger, imple-
mented in Matlab®, and formed by: an 
irregular PV array (the same one previous-
ly analyzed), a boost converter, the load 
(battery) modeled as a voltage source. The 
MPPT algorithm under test is the P&O 
(Perturb and Observe) approach, which is 
the most widely adopted MPPT technique 
for PV systems. Fig. 11 presents the appli-
cation scheme. The proposed model based 
on equivalent circuits was implemented in 
Matlab® code. 
 
 
Fig. 11. Application scheme. Source: Authors 
 
The PV system is considered exposed to 
three different shading patterns represent-
ed by three short-circuit current profiles: 
IscP1 = [5 5 4; 4 4 2; 2 1 1], IscP2 = [5 2 1; 4 
1 3; 2 2 2] and IscP3 = [3 2 2; 4 2 2; 1 2 4]. 
Fig. 12 shows the power curves of the PV 
array under each shading profile. The dy-
namic simulation starts with the PV array 
subjected to Profile 1, then at t = 25 ms the 
shades change to Profile 2, and at t = 50 
ms the shades change to Profile 3. 
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To evaluate the P&O reliability three 
simulations were performed. The first 
simulation consider an initial duty cycle Di 
= 0.6 (Vpv = 48 V), where the P&O algo-
rithm tracks a local maximum of Profile 1 
(277.8 W), however when the profile 
changes at t = 25 ms, the maximum power 
point (MPP) of Profile 2 (312.3 W) is suc-
cessfully tracked. When the profile changes 
again, at t = 50 ms, the P&O algorithm 
successfully tracks the MPP of Profile 3 
(265.1 W). The second simulation considers 
Di = 0.75 (Vpv = 30 V), in this case the 
P&O algorithm successfully tracks the 
MPP of Profile 1 (353 W). However, when 
the profile changes to Profile 2, the P&O 
algorithm tracks a local maximum (255.8 
W), and when the profile changes to Profile 
3 the P&O algorithm tracks a local maxi-
mum again (241 W). Finally the third sim-
ulation was made with Di = 0.9 (Vpv = 12 
V), where again the P&O tracks local max-
imum for the three profiles. Fig. 13 shows 
the simulation results. This example illus-
trates the usefulness of the proposed model 
in testing MPPT algorithms: the simula-
tion results show that the classical P&O 
algorithm is not reliable under mismatch-
ing conditions. Such a conclusion is in 
agreement with the results given in [10]. 
 
 
 
Fig. 12. Power curves of the short circuit current profiles. Source: Authors 
 
 
Fig. 13. Dynamic simulation results. Source: Authors 
Equivalent circuits for simulating irregular PV arrays under partial shading conditions 
Tecno Lógicas, ISSN 0123-7799, Vol. 18, No. 35, julio-diciembre de 2015, pp. 57-69  [69] 
4. CONCLUSIONS 
 
The analysis presented in this paper 
demonstrate that it is possible to represent 
any PV array, under both uniform and 
mismatched conditions, using equivalent 
circuits to simplify the array analysis and 
simulation. The operation range of each 
equivalent circuit is defined by the inflec-
tion points, which are calculated from the 
analysis of the short circuit currents. 
Therefore, the proposed modeling tech-
nique enables to define a reduced set of 
electrical equations for each operation 
interval, it requiring few calculations to 
obtain the I-V and P-V curves. 
In contrasts, classical models require to 
include the bypass diode non-linear and 
switched behavior into the system equa-
tions as reported in [8], hence it demand-
ing a much larger simulation time. The 
example introduced in section 3 demon-
strates that the proposed solution achieves 
a small error of 3.094% with a large reduc-
tion in the simulation time of 18% in com-
parison with a classical solution. 
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